Recently, heterostructures have attracted much attention in widespread research fields. By tailoring the physicochemical properties of the two components, creating heterostructures endows composites with diverse functions due to the synergistic effects and interfacial interaction. Here, a simple in situ localized phase transformation method is proposed to transform the transition-metal oxide electrode materials into heterostructures. Taking molybdenum oxide as an example, quasi-core-shell MoO3@MoO2heterostructures were successfully fabricated, which were uniformly anchored on reduced graphene oxide (rGO) for high-rate and highly durable lithium ion storage. The in situ introduction of the MoO2shell not only effectively enhances the electronic conductivity but also creates MoO3@MoO2heterojunctions with abundant oxygen vacancies, which induces an inbuilt driving force at the interface, enhancing ion/electron transfer. In operando synchrotron X-ray powder diffraction has confirmed the excellent phase reversibility of the MoO2shell during charge/discharge cycling, which contributes to the excellent cycling stability of the MoO3@MoO2/rGO electrode (1208.9 mAh g-1remaining at 5 A g-1after 2000 cycles). This simple in situ heterostructure fabrication method provides a facile way to optimize electrode materials for high-performance lithium ion batteries and possibly other energy storage devices.
Heterostructures can be formed by modulating different compositions and/or doping to enable passivation of interfaces, where the electronic band structure near the interface will be changed according to the electrostatics. 1 Because of their interface effects, heterostructures with distinct functionality often exhibit enhanced performance in many electronic devices, including solar cells, ultrathin photodetectors, semiconductor lasers, and tunneling transistors. [2] [3] [4] It has been claimed that building heterostructures though coupling components with different electronic energy band gaps will improve the surface reaction kinetics and facilitate charge transport due to the benefit of the internal electric field at the interface. For instance, fast ion conduction has been demonstrated in nanometer-scale CaF 2 /BaF 2 heterostructures. 5 Benefiting from the synergistic effects, two-dimensional (2D)-mesoporouscarbon/MoS 2 heterostructures exhibited outstanding cycling stability and high-rate performance in lithium ion batteries (LIBs). 6 Due to integration of the merits of the different components and reversible electron/ion transport at the interface, SnO 2 /MXene and TiO 2 /MXene heterostructures showed high capacity and extraordinary high-rate performance for Li ion storage. 7 Inspired by previous research, we believe that transition metal oxide heterostructures can be manipulated via in-situ localized phase transformation as electrode materials with excellent performance in energy storage devices.
Owing to its high theoretical capacity (1117.3 mAh g -1 ), α-MoO 3 with a bilayer structure has attracted much attention as an attractive candidate anode for LIBs. 8 The Li storage performance of MoO 3 is severely restricted, however, by its sluggish Li ion diffusion kinetics. 9 A variety of strategies have been claimed to enhance the kinetic of MoO 3 . 10 Nanostructuring is one of the most widespread strategies, and various nanostructured forms of MoO 3 , including nanowires, nanorods, and nanosheets, have been reported to boost the Li storage kinetics. 11 Unfortunately, self-aggregation and the volume expansion of nanomaterials severely limit the beneficial effects of nanostructuring. 12 Introducing a conductive matrix into MoO 3 is another common strategy to enhance the electronic conductivity of MoO 3 . 13 The main drawback of this strategy, however, is that only near-surface materials, which have intimate contact with the conductive matrix, could experience enhanced electronic conductivity. 14 Consequently, achieving MoO 3 -based materials with excellent high-rate performance and cycling stability still remains a huge challenge. [15] [16] [17] [18] [19] Monoclinic MoO 2 , although having lower capacity (837.6 mAh g -1 ) compared with α-MoO 3 , is also an anode candidate for LIBs, resulting from its metallic electrical conductivity and facile ion transport properties. 13, 20 Based on the solid-state reaction kinetics, the transformation from α-MoO 3 to MoO 2 preferentially occurs in a perpendicular direction to the crystalline layers of α-MoO 3 during thermal reduction ([010] direction), and thus, it is believed that α-MoO 3 /MoO 2 heterojunctions could be created, which could be an effective way to achieve molybdenum oxide electrodes with high electrical conductivity and good structural stability, as well as high capacity. [21] [22] In addition, oxygen vacancies formed at the heterointerface could create atomic defects, structural distortion, and an unbalanced charge distribution at the interface, which would provide an inbuilt charge-transfer driving force, [23] [24] facilitating interfacial electron transport and accelerating the Li + ion diffusion kinetics in the electrode. 15 Herein, a facile localized phase transformation strategy was adopted for in-situ fabrication of MoO 2 coated α-MoO 3 heterostructures, which were homogeneously decorated on reduced graphene oxide (MoO 3 @MoO 2 /rGO) sheets. The homogeneous coating of MoO 2 and the uniform distribution of MoO 3 @MoO 2 heterostructures on rGO could effectively improve the electrical conductivity. The oxygen vacancies generated at the interface of MoO 3 and MoO 2 with the reduction of MoO 3 create desirable interfacial effects, which was further confirmed by density functional theory (DFT) calculations. In-operando synchrotron X-ray powder diffraction (XRPD) further verified the high reversibility of the MoO 2 shell during cycling, which helps to enhance the cycling stability. Thanks to these structural advantages, the MoO 3 @MoO 2 /rGO-500 electrode delivered a high capacity of 1340.0 mAh g −1 at 100 mA g -1 and outstanding cycling stability, with a capacity of 1208.9 mAh g −1 remaining after 2000 cycles at 5 A g −1 . This work demonstrates an effective way to enhance the Li storage kinetics via the construction of interfaces and the introduction of heterostructures by in-situ oxidation/reduction. The proposed heterostructure manipulation strategy could also be extended to other transition metal oxide electrodes for energy storage and conversion.
RESULTS AND DISCUSSION
One-step in-situ phase transformation was employed to prepare MoO 3 @MoO 2 /rGO with (NH 4 ) 6 Mo 7 O 24 chosen as the Mo source. To investigate the phase transformation of (NH 4 ) 6 Mo 7 O 24 /graphene oxide (GO) during the calcining process, thermogravimetric analysis (TGA) was conducted in argon (Figure 1a ) and air flow ( Figure S1 in the Supporting Information), respectively. Four weight loss regions can be observed in Figure 1a : the weight losses in the temperature range of 50-180 °C and 180-300 °C originate from the removal of interlayer moisture and the decomposition of (NH 4 ) 6 Mo 7 O 24 , respectively. 25 The following stage from 300 to 420 °C corresponds to the removal of oxygen-containing functional groups from the GO sheets. Subsequently, α-MoO 3 is gradually reduced into MoO 2 from 420 °C and completely converted into MoO 2 when the temperature reaches 550 °C. This result validates the possibility of fabricating MoO 3 @MoO 2 heterojunctions through controlling the heattreatment temperature, as evidenced by the X-ray diffraction (XRD) results ( Figure 1b ). The product synthesized at 400 °C (denoted as MoO 3 /rGO-400) has only characteristic peaks corresponding to MoO 3 . 26 While characteristic peaks assigned to monoclinic MoO 2 appear with weakening of the peak intensity of α-MoO 3 simultaneously after thermal annealing of the samples at 450 and 500 °C (MoO 3 @MoO 2 /rGO-450 and MoO 3 @MoO 2 /rGO-500, respectively), indicating both samples contain the MoO 3 and MoO 2 phase. On further increasing the heating temperature to 600 °C, only MoO 2 peaks can be observed with the complete disappearance of peaks for MoO 3 (MoO 2 /rGO-600). 20 X-ray photoelectron spectroscopy (XPS) measurements were further adopted to characterize the oxidation state of molybdenum in different samples ( Figure S2 and Figure 1c ). The Mo 3d spectrum of MoO 3 /rGO-400 ( Figure S2a ) is mainly occupied by Mo 6+ with a spin-orbit doublet peaks at binding energies of 232.3 0.1 and 236.0 0.1 eV. [27] [28] After heating to 600 °C, 3d 4+ 3/2 and 3d 4+ 5/2 peaks belonging to MoO 2 could be observed ( Figure S2b ). 29 By comparison, the Mo 3d spectrum of MoO 3 @MoO 2 /rGO-500 reveals the simultaneous presence of characteristic peaks belonging to Mo 4+ and Mo 6+ , and the peak intensity of Mo 6+ is increased after etching the surface with argon plasma to remove the surface layer ( Figure   1c ). 15 Further calculations demonstrated that the content of Mo 6+ increased from 33.4% to 39.8% after argon plasma etching (Table S1 ), which indicates that the majority of the MoO 3 was reduced to MoO 2 , with the MoO 3 occupying the inner part of the heterostructure, while the MoO 2 is mainly located in the outer part (schematic illustration shown in Figure S3 ).
The morphology of MoO 3 @MoO 2 /rGO and the phase transfer process to form the MoO 3 @MoO 2 heterostructure in MoO 3 @MoO 2 /rGO-500 were further investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It is obvious that the small nanosheets of MoO 3 @MoO 2 are uniformly anchored on the rGO sheets, as shown in Figure 1d . The MoO 3 @MoO 2 heterostructured particles, however, suffer from serious aggregation without rGO support ( Figure S4 ). The TEM results further verified the homogeneous dispersion of lamellar MoO 3 @MoO 2 heterostructures with widths of ~200 nm ( Figure 1e ). Atomic force microscopy ( Figure 1f ) confirmed that the thickness of the MoO 3 @MoO 2 nanosheets is ~5 nm. These MoO 3 @MoO 2 nanosheets guarantee facile strain relaxation and help to alleviate the volume expansion of the MoO 3 inside. 30 shows lattice spacing of 0.326 nm, which can be assigned to the (021) crystal planes of α-MoO 3 . This agrees well with the selected area electron diffraction (SAED) pattern ( Figure   S5b ). In the HRTEM image of MoO 2 /rGO-600, a uniform lattice spacing of 0.342 nm, which corresponds to the (011) planes of monoclinic MoO 2 , can be observed ( Figure S6c ). For the MoO 3 @MoO 2 /rGO-500 sample, however, the corresponding SAED pattern (Figure 1k localized phase transformation, which is consistent with the reduction mechanism of α- 31 The localized phase transformation and formation of MoO 2 at the edge and surface could shorten the electron/ion transfer pathways in the inner MoO 3 , thus not only enhancing the electrical conductivity, but also creating MoO 3 @MoO 2 heterostructures, which can tailor the physicochemical characteristics of the two building blocks and endow MoO 3 @MoO 2 with excellent performance due to the synergistic effects. 32 More interestingly, according to the reduction mechanism of α-MoO 3 , lattice oxygen O (3) on the (010) facet was reduced, resulting in oxygen vacancies at the interface of MoO 3 and MoO 2 , as verified by electron paramagnetic resonance (EPR) ( Figure S7 ). 33 The oxygen vacancies at the interface cause an unbalanced charge distribution, which helps to promote interfacial charge transfer. [34] [35] To compare the Li storage performance of MoO 3 , MoO 2 , and MoO 3 @MoO 2 heterostructures, MoO 3 /rGO, MoO 3 @MoO 2 /rGO, and MoO 2 /rGO electrodes were investigated using discharge−charge cycling and cyclic voltammograms (CVs) in coin cells. Figure 2a and Figures S8, 9 show the typical discharge−charge curves of the different electrodes at 100 mA g −1 . In the case of MoO 3 /rGO-400 electrode, only an obvious discharge platform below 0.4 V can be observed, which is consistent with its CV curves ( Figure S10a ). The discharge capacity of MoO 3 /rGO-400 is 853.1 mAh g −1 , still much lower than the theoretical specific capacity of α-MoO 3 . The MoO 3 @MoO 2 /rGO-500 and MoO 2 /rGO-600 electrodes exhibit three discharge plateaus between 1.0 V and 2.0 V, indicating the phase transitions of MoO 2 in the Li insertion process from the original monoclinic to the orthorhombic phase and then from the orthorhombic to the monoclinic phase. 36 The discharge capacity of the MoO 3 @MoO 2 /rGO-500 heterostructure is ~1340.0 mAh g −1 , much higher than those for the bare MoO 3 /rGO-400 and MoO 2 /rGO-600 electrodes, and the MoO 3 @MoO 2 -500 without rGO. Figure 2b exhibits the rate performances of all the samples at different current densities.
The reversible capacity of the MoO 3 /rGO-400 electrode is severely decreased from 734.9 to 110.1 mAh g -1 when the current density increases from 100 mA g -1 to 10 A g -1 (15.0% capacity retention), suggesting seriously limited Li + diffusion kinetics in MoO 3 at high current density. 16 In contrast, the capacity of the MoO 3 @MoO 2 /rGO-500 electrode decreased from 1312.6 to 795.8 mAh g -1 as the current density increased from 100 mA g -1 to 10 A g -1 (60.6% capacity retention). As the current returned to 100 mA g -1 , the capacity of 1187.4 mAh g -1 was still recovered. The excellent rate performance of the MoO 3 @MoO 2 /rGO-500 electrode indicates its high Li + diffusion coefficient, which was further confirmed by collecting CV curves at various scan rates from 0.5 to 10 mV s −1 ( Figure S11a of Li + , and voltage scanning rate, respectively). Apparently, the i p exhibits a linear relationship with / , in which the slope is proportional to the diffusion coefficient ( Figure   S11d ). 38 Thus, the diffusion coefficient for MoO 3 /rGO-400 is relatively low. Compared with MoO 2 /rGO-600, MoO 3 @MoO 2 /rGO-500 shows a higher diffusion coefficient, suggesting a good high-rate capability, possibly due to the importation of MoO 2 phase and the interfacial effects of the heterostructure. 39 The cycling performances of the different electrodes at 2 A g −1 were measured (Figure 2c and is incompletely amorphous, although the structure is disordered. 16 Although the MoO 2 peak of the MoO 3 @MoO 2 /rGO-500 electrode shows a slight shift to the left, MoO 2 still maintains its monoclinic structure even after 200 cycles, and a similar Mo 3d core level XPS spectrum with 3d 4+ and 3d 6+ still can be observed ( Figure S14 ), suggesting high reversibility and structural stability for MoO 2 . The core-shell structure with its MoO 2 shell will help to maintain the structural stability of the composite material, thus improving the cycling performance of the electrode. The MoO 3 @MoO 2 /rGO-500 electrode was subjected to prolonged cycling at 5 A g −1 (Figure 2d ), and it delivered a high reversible capacity of 1208.9 mAh g −1 even after 2000 cycles, with a coulombic efficiency of 99.99%, demonstrating fascinating high-rate cycling stability, which is very promising compared to the Mo-based anode materials reported so far, including MoO 3-x , 27 MoO 3-x /carbon nanotube (CNT), 17 MoO 3 @TiO 2 , 16 MoO 2 /C, and MoO 2 @rGO, 20, 40 as presented in Figure 2e .
In semiconducting nature). 26 The electron density differences in both materials were also plotted, as shown in Figure 3b and MoO 2 (Figure 3f ), thereby providing more active sites for redox reactions, which make a greater contribution to the capacity of the electrode. 37, [42] [43] [44] DFT calculations were also performed to provide deeper insight into the interfacial effects on the electrochemical performance of the MoO 3 @MoO 2 /rGO-500 electrode (Figure 3g and Figure S15 ). Similar interface effects have been reported, which demonstrate that the mixed-phase interface not only offers abundant active sites for Li storage but also promotes the reaction kinetics by reducing the resistance. [14] [15] In our case, the oxygen vacancies formed at the interface of MoO 3 and MoO 2 modify the charge distribution, leading to an unbalanced charge distribution and an interfacial electric field (visualized by the electron density difference map in Figure   3h ), which results in a local in-built driving force. 24 These effects promote electron transport/ion diffusion at the interface, which synergistically leads to the high diffusion coefficient of Li + and high-rate performance of the MoO 3 @MoO 2 /rGO-500 electrode.
To fully understand the phase evolution during the charge/discharge process, in-operando synchrotron XRPD of the MoO 3 @MoO 2 /rGO-500 electrode was carried out (Figure 4a ). Due to its possible preferred orientation, weak peak intensity, and the effects of the electrolyte and separator, the peaks of MoO 3 cannot be discerned explicitly ( Figure S16a ). During the discharge process, the (011) and (022) peaks of MoO 2 consecutively shift to lower angles, indicating the increase in the lattice parameter due to the intercalation of Li + . 18 Then, both peaks are gradually converted into the (011) and (220) peaks of monoclinic Li 0.98 MoO 2 when the potential reaches ~1.0 V, which is more distinct in the contour maps ( Figure 4b ).
Simultaneously, several new diffraction peaks located at 15.5° and 21.7° appear, corresponding to the (0 02) and (022) crystal planes of Li 0.98 MoO 2 ( Figure S17 ), which is consistent with the reaction mechanisms of MoO 2 (Figure 3a) . 30 Importantly, a new diffraction peak at 17.9° is observed, which is ascribed to the (110) planes of Mo (Figure 4c at the interface, which provide the force to boost the charge transfer kinetics on the interface and offer more active sites for Li + ion storage; and c) the quasi-core-shell structure helps to stabilize the structure of the active material. Consequently, the MoO 3 @MoO 2 /rGO-500 electrode delivers high reversible capacity (1312.6 mAh g -1 at 100 mA g -1 ) and superior high-rate cycling performance (1208.9 mAh g −1 after 2000 cycles at 5 A g −1 ). It is expected that our work can provide another way to optimize the transition metal oxides with heterostructures via in-situ localized phase transformation for high performance in optoelectronics, high-speed electronics, and other applications. The cyclic voltammograms (CVs) of different samples for the first, second, and fifth cycles were collected at 0.5 mV s −1 . In the first cycle of MoO 3 /rGO-400 ( Figure S6a) Figure S6b and S6c), which mainly arise from the phase transitions from the original monoclinic to the orthorhombic phase and then from the orthorhombic to the monoclinic phase in the Li insertion process. 3 The reaction mechanism of MoO 2 can be described as follows: facet is reduced as the temperature increases, resulting in oxygen vacancies. 4 The formation of oxygen vacancies at the O (1) and O (2) sites is significantly less favourable than at the O (3) site. This is because the vacancy structure at the O (3) site, where two polarons occupy the d xy and d yz orbitals of the five-fold coordinated Mo 4+ ion at the defect, is 0.19 eV higher in energy. 5, 6 The re-organization of lattice oxygen takes place in the MoO 3 bulk along the [100] or [001] direction, forming defects in the structure, and the lattice oxygen at the surface of the (010) facet is replenished. This is because oxygen diffusion along the [100] or [001] directions in the MoO 3 layered structure is much faster than parallel to the layers ([010] direction). After a certain concentration of oxygen vacancies in the MoO 3 structure has been exceeded, the oxygen vacancies are consumed by forming intermediate phase Mo 4 O 11 (3MoO 3 ·MoO 2 ) impurities, which serve as nucleation sites for the rapid formation of MoO 2 crystallites. The mechanism for the formation of MoO 2 structure seems to be strongly dependent on the layered structure in the [010] direction of MoO 3 , seeing that the various 
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